A method for the speciation of selenium (IV) based on solid-phase spectrophotometry (SPS), has been developed. In acidic conditions selenium (IV) oxidizes potassium iodide and the I 3 − forms an ionic association with Rhodamine B (RB) which is fixed on a dextran type lipophilic gel. The gel phase absorbances at 590 and 800 nm are measured directly, and allows for the determination of selenium (IV) in the range of 0.7 -18.0 mg l − 1 , with a relative standard deviation (RSD) of 2.8%. The method has been applied to the determination of Se(IV) in natural waters.
Introduction
The speciation of the oxidation states of selenium, namely selenium (IV) and selenium (VI), is necessary for elucidation of its distribution, mobilization and toxicity in environmental waters, specially taking into account the small difference between its essential and toxic levels and the wide distribution of this non-metallic element.
The usual techniques used in these studies included absorption spectrometry using both hydride generation in a quartz furnace and electrothermal atomization [1] , differential pulse cathodic stripping voltammetry [2] , high-performance liquid chromatography (HPLC) with online detection by inductively coupled mass spectrometry or flame atomic absorption spectrometry [3] and capillary electrophoresis [4] . The lack of enough sensitivity and selectivity of some of the methods used requires a preconcentration step, such as coprecipitation [5] , adsorption on XAD-resin [6] or iron (III)-loaded Chelex-100 resin [7] , functional resin [8, 9] , activated carbon [10, 11] , thiol cotton [12] and extraction [13] , among others.
In this paper an attempt is made to try to solve the problem using solid phase spectrometry (SPS), a group of hybrid analytical techniques that combine two operational aspects of the analytical process, the sorption or fixation of the analyte or a derivative product on a solid phase from a solution, and the subsequent measurements of any appropriate optical property (UV-Vis spectrophotometry [14] , spectrofluorimetry [15] , spectrophosphorimetry [16] and photoacoustic photometry [17] ) directly in the solid phase.
The fixation of the analyte in the solid phase prior to the measurement of the analytical signal, provides a series of advantages, with a noticeable an increase in the sensitivity as consequence of the preconcentration process and, many times, a high selectivity as a consequence of the selective fixation of the analytes in the appropriate solid support, derived from its differences in charge or polarity [18] . The right selection of solid support taking into account the chemical properties of the analyte or its derivative and the optical properties of the whole is the key factor in SPS methods.
The solid phases used in SPS are mostly organic solid particles of diverse granulometry and composition, specially adsorbents or ion exchangers. Among the first, silica gel or modified silica (i.e. C-18 silica gel) and polydextran gels (Sephadex) and as exchangers, cationic or anionic exchangers coming from styrene or polydextran type. As can be seen these solids are of hydrophilics nature, except C-18 silica. In this paper the use of an organic lipophilic solid support to retain the derivative that originates the analytical signal is explored.
The selenium (IV) oxidation of iodide to triiodide and back formation of an ionic association with Rhodamine B (RB) that is fixed in a lipophilic dextran type gel give us a way to speciate selenium (IV) at mg l − 1 level. The proposed method has been satisfactorily applied to the determination of selenium in water samples. 
Experimental

Apparatus and software
Reagents
Stock solutions of (1000 mg l The lipophilic Sephadex LH-20 gel (mesh 25-100 mm) (Sigma, St. Louis, MO) in its original dry state without pretreatment was used as solid support.
All reagents were of analytical-reagent grade unless stated otherwise. Reverse osmosis quality water was used throughout and all experiments were carried out at room temperature.
Absorbance measurements
The absorbance (really attenuation) of the ionic pair sorbed in the gel was measured in a 1 mm cell at 590 nm (corresponding to the absorption maximum of the derivative) and 800 nm (the latter is in the 700-850 nm range, where only the gel 'absorbs' light), and compared with a 1 mm cell packed with gel equilibrated with blank solution. The net absorbance was calculated by difference as in a previous report [19] . HCl and 4 ml of 1 mol l − 1 KI were placed levelling off to the mark with water. After standing for 15 min in the dark, the solution was transferred to a 1 l polyethylene bottle, adding 0.8 ml of 2.67 × 10 − 4 mol l − 1 Rodamine B solution and 60 mg of Lipophilic Sephadex LH-20 (25 -100 mesh) gel.
Procedures
The mixture was stirred mechanically for 5 min and the coloured gel was collected by filtration under suction and, using a little pipette, packed into a 1 mm cell together with a small volume of the filtrate. The cell was centrifuged at 2500 rpm for 30 s. A blank solution containing all the reagents except selenium was prepared and treated in the same way as the sample. The absorbance difference between sample and blank, measured as described under 'absorbance measurements', provides an estimation of the net absorbance.
(B) For 500 ml final volume, an appropriate volume of sample containing 1.1 -26.0 mg l − 1 (0.5-13.0 mg) of selenium (IV) was transferred into a 500 ml flask, using amounts of reagents increased by a factor of 5 and a constant amount of gel. The stirring time was 20 min, following the same steps as indicated above.
(C) For 1000 ml final volume, an appropriate volume of sample containing 0.7 -18.0 mg l − 1 (0.7-18 mg) of selenium (IV) was transferred into a 1000 ml flask, using amounts of reagents increased by a factor of 10 and the same amount of gel. The equilibration time was 35 min, operating as indicated below.
The calibration graphs were constructed in the same way, using selenium solution of known concentration.
Treatment of samples
The natural water was preserved with concentrated HNO 3 (0.25 ml/1000 ml), filtered through a 0.45 mm membrane filter (Millipore) and collected in a polyethylene container carefully cleaned with nitric acid. The samples were stored at 4°C until analysis. The analyses were performed with the least possible delay. The usual general precautions were taken to avoid contamination [20] .
Distribution measurements
Rodamine B, HCl solution, KI and 60 mg of Sephadex LH-20 gel were added to a 500 ml aqueous solution containing 0.126 mmol of Se(IV). After 30 min of equilibration, the gel was separated by filtration under suction. The ionic pair concentration in the coloured gel was determined as described in the 500 ml procedure. Subsequently the aqueous phase was treated in the same way with a further batch of gel and the ionic pair remaining in the aqueous phase was measured as before. The distribution ratio, D (mmol of ionic pair sorbed per gram of resin/mmol of ionic pair per ml of solution), was calculated in the usual way from the initial and equilibrium concentrations in the solution. An average value of D of (2.009 0.26)×10 5 ml g − 1 was obtained from four replicate experiments.
Results and discussion
The fixation of rhodamine and its ionic pair
Selenium (IV) oxidizes iodide in a weak acid medium to iodine, which in aqueous solution is as a triiodide complex. In the presence of the cationic xanthene dye RB a less soluble violet ionic pair is formed, according to the equations:
It was found that the ionic pair is not fixed on ion-exchangers as QAE or DEAE Sephadex anion exchangers, as well as in the cation exchangers (SP) or hydrophilics adsorbents as G-25 Sephadex. On the contrary, the ionic pair was strongly fixed in lipophilic Sephadex (hydroxypropyl beaded dextran) as indicated by its distribution ratio of (2.0090.26)× 10 5 ml g
, giving a red colour with an absorption maximum at 590 nm, compared with 580 nm observed in solution. RB at pH 3 and when selenium is not present, was less strongly fixed in the lipophilic Sephadex showing an absorption maximun at 564 nm (552 nm in aqueous solution [21] ) (Fig. 1 ).
Optimization of 6ariables
HCl concentration
From hydrochloric acid, phosphoric acid and sulphuric acid, the first gave the highest absorbance and stability. Optimum HCl concentration for the formation and fixation of the species falls in the range 0.12 -0.18 M. At concentrations higher than 0.18 M and lower than 0.12 M the absorbance decreases significantly. The working HCl concentration selected for the formation and fixation of the ion-association in the gel phase is 0.16 mol l − 1 . The optimum HCl concentration is the same for all sample volumes studied. It should be pointed out that the optimum acidity in the gel phase is lower than in homogeneous solution (0.32 M) [21] .
An increase in the ionic strength decreases the absorbance, an effect that may be attributed to the competition of the other ions in the ion-pair formation.
Rodamine B and iodide concentrations
Absorbance increases together with Rodamine B concentration and the optimum values are obtained for concentrations of RB between 1.86× 10 − 6 and 2.4 × 10 − 6 mol l − 1 (for 500 ml sample) decreasing immediately after. Consequently, a 14 [RB]/[Se] ratio was chosen for 500 ml. However, for 100 and 1000 ml, 1 and 8 ml of RB solution 2.67× 10 − 4 M were recommended, respectively, using the same molar ratio. Working with the optimum Rodamine B concentration, a maximum absorbance value in the range 0.035-0.05 M was observed for potassium iodide concentration. In the standard procedures 4.0× 10 − 2 M was selected as optimum.
Other experimental conditions
For the optimum development of the ion-association, 15 min was necessary before equilibration with the gel. The optimum stirring time depended on the sample volume. Stirring times of 5, 20 and 35 min were necessary for 100, 500 and 1000 ml, respectively. The fixed species is stable for at least 1 day after equilibration. As the centrifugation of the gel into the measurement cell increases the signal and decreases its fluctuation a centrifugation time of 0.5 min at 2500 rev min − 1 (25 g) was used here. The use of a large amount of resin lowered the absorbance as usual [19] , consequently only the amount required to fill the cell and to facilitate handling was used for all the measurements (60 mg). The order of addition used here was: selenium+ HCl+ KI+ RB+ solid phase.
Analytical data
The analytical parameters are summarized in Table 1 . The reproducibility was established for the proposed method by measuring the selenium concentration for 100 , 500 and 1000 ml sample solutions with a Se(IV) concentration of 50, 16 and 6 ng ml , respectively. For ten determinations, the relative standard deviation (RSD) was 2.0, 2.3 and 2.8%, respectively. It was possible verifying that one of the main contributions to the RSD comes from the variability of the packing of the gel. Because of this, reproducibility is im- Table 3 Effect of foreign ions in the determination of 12 mg l proved if the cells packed with the gel phase are centrifuged before spectrophotometric measurements are taken. With centrifugation for 0.5 min at 2500 rpm before the absorbance measurements were carried out, the RSD decreased and the absorbance values increased about a 10%. The sensitivity, expressed as molar absorptivity, of the proposed methods, is compared with that of spectrophotometric procedures cited in the literature (Table 2 ). It is shown that the increase in sensitivity obtained with the proposed method is substantial, especially in relation to the solution methods using the same reagent.
The increase in sensitivity with the sample volume taken for analysis can be calculated by measuring the absorbance of gel equilibrated with different volumes of solutions containing the same concentration of Se(IV) and a proportional amount of the other reagents. In practice, the increase in the absorbance with the sample volume can also be predicted from the slope of the calibration graphs. The sensitivity ratios (S) for the samples analyzed here are: S 1000/500 =1.4; S 1000/100 = 6.5 and S 500/100 = 4.6.
The S.D. of the background absorbance measured for the blank, which is necessary for the estimation of the IUPAC detection limit (K=3), was taken as the average of ten determinations and noted as RSD units. Values calculated for the 100, 500 and 1000 ml samples were 9 0.011, 9 0.013 and 9 0.016, respectively (Table 1) .
Effect of foreign ions
A study of interference effects was carried out for cations and anions, in amounts ranging up to 5000 mg l − 1 , with 6 mg of selenium. Ions were considered as not interfering if they produced an error less than 9 5% in the determination of the analyte. The tolerance limits for the ions studied are shown in Table 3 . The interference level is lower than the solution method [21] for the ions assayed. The most serious interferences are caused a J-acid, 6-amino-1-naphtol-3-sulphonic acid; DAB, 3,3%-diaminebenzidine; BR, butylrhodamine. or ascorbic acid and, finally, ions which may form anionic complexes able to form ion-associates with RB, such as Bi or Cd.
Applications
The proposed method has been applied to the determination of selenium in mineral waters by the standard additions method. Due to the presence of interfering ions in waters, a previous treatment to eliminate those ions using a cationic exchanger was developed (1 g for 2 l of water; Sephadex CM C25; exchange capacity 5.3 meq g − 1 ). Water and ion exchanger were equilibrated for 20 min, then the gel was separated by filtration and the selenium content determined in the water, as described in the standard procedure. The method used was the general procedure for the 1000 ml sample system and the selenium contents in three natural water samples (Ortigosa del Monte (Segovia), Lanjarón (Granada) and Fuente Liviana (Cuenca), all from Spain), selected because its different mineralization level, were lower than the determination limit of the method. The selenium content in other natural water (Solan de Cabras, also from Spain) was 3.25 mg l − 1 . To check the accuracy of the proposed method in selenium analysis in water, a recovery study was carried out in the waters mentioned above. To do so, different amounts of Se(IV) were added to water samples, obtaining a recovery acceptable in the standard conditions established. Table 4 shows the results obtained for all water samples.
